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Abstract 

We  describe  the  synthesis  and  characterization  of  a  thin-film  solid  state  lithium  rechargeable  battery.  This  battery  was  designed  for 
integration  into  a  multi-chip  module  (MCM).  The  battery  consists  of  a  spin-on  Ag2W04  —  polymer  cathode,  a  lithium  hexaflurophos- 
phate  —  polymer-impregnated  microporous  nylon  membrane  electrolytic  separator,  and  a  lithium  foil  anode.  Kapton™  was  used  as  the 
substrate  and  encapsulating  top  layer  of  the  battery.  The  battery  had  a  total  area  of  approximately  4.0  cm2  thickness  of  0.6  mm,  and 
weighed  0.4  g.  The  battery  had  an  open  circuit  voltage  of  3.5  V  and  was  able  to  deliver  a  current  density  of  0.05  mA/cm2  for  1.5  h  while 
maintaining  a  voltage  above  2.0  V.  The  battery  was  cycled  over  12,000  times  between  3.5  and  2.0  V  using  a  constant  discharging  current 
density  of  0.1  mA/cm2  and  charging  current  density  of  0.05  mA/cm2.  The  battery  was  designed  for  integration  into  a  standard  96  pin 
Kovar/Glass  Bead  quad-flatpack  programmable  MCM  (1.42  X  1.42X0.16  in.).  The  charging  and  discharging  characteristics  of  this 
battery  are  presented  and  discussed  in  terms  of  its  intended  application.  ©  2000  Elsevier  Science  S.A.  All  rights  reserved. 
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1.  Introduction 

The  development  of  solid  state  thin-film  lithium  batter¬ 
ies  has  generated  considerable  interest  for  some  time  [1]. 
Lithium  is  an  extremely  attractive  battery  element  due  to 
its  small  atomic  radius  and  extraordinarily  large  standard 
reduction  potential  (i.e.,  —3.0401  vs.  a  normal  hydrogen 
electrode  (NHE))  [2],  Batteries  utilizing  Li  have  the  capa¬ 
bility  of  providing  high  voltage  and  excellent  capacity, 
resulting  in  large  energy  densities  (e.g.,  factor  of  2  greater 
than  NiCd  batteries)  [3].  Large  energy  density  lithium 
batteries  that  are  safe,  compact,  light-weight,  and  recharge¬ 
able  have  a  wide  variety  of  possible  applications.  Exam¬ 
ples  of  their  current  and  projected  applications  include 
medical  devices  and  sensors,  backup  power  for  SRAM  and 
DRAM  memory  devices,  electric  vehicles,  and  various 
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telecommunication  applications  [4].  The  space  power  in¬ 
dustry  is  particularly  interested  in  their  use  in  integrated 
solar  power  supplies,  satellite  microelectronic  “stay  alive” 
power,  and  as  a  solution  to  solar  array  “shadowing” 
problems  [5]. 

The  open  circuit  voltage  of  a  lithium  battery  is  depen¬ 
dent  on  the  cathode  material.  Currently,  the  most  fre¬ 
quently  used  cathode  materials  rely  on  intercalation  of 
lithium  (e.g.,  Ti02,  Mn02,  V308,  Co02)  [6].  These  mate¬ 
rials  provide  good  cyclability,  but  suffer  from  sloping 
charge  and  discharge  voltage  profiles  [7].  Other  cathode 
materials  such  as  CuW04  or  Ag2W04  (i.e.,  the  material 
used  in  this  work)  rely  on  a  displacement  reaction  [8]. 
These  materials  have  been  shown  to  have  flat  charge  and 
discharge  curves  and  in  the  case  of  the  Ag2W04,  good 
cyclability. 

Significant  advances  in  the  use  of  polymer  cathodes  and 
electrolytes  have  fueled  the  development  of  solid  state 
lithium  batteries  [9].  Polymer  cathodes  incorporate  the 
metal  oxides  discussed  above  and  the  polymer  electrolytes 
incorporate  such  lithium  salts  as  LiAsF6,  LiC104,  LiA104, 
LiCF3S03,  LiN(CF3S02)2  and  lithium  hexaflurophos- 
phate  (LiPF6)  (i.e.,  the  Li  salt  used  in  this  work)  [10]. 
Numerous  polymers  have  been  used  in  Li  battery  develop- 
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ment  efforts  [11].  Some  of  the  more  promising  polymers 
include  poly(acrylonitrile),  poly(vinyl  chloride),  polyeth¬ 
ylene  oxide),  poly(vinyl  pyrrolidone),  polypropylene  ox¬ 
ide),  and  poly(ethylene  glycol)  diacrylate.  The  polymer 
electrolytes  in  these  batteries  serve  two  principle  roles, 
they  allow  for  the  Li  ion  transport,  and  they  provide 
electrical  insulation  between  the  anode  and  the  cathode. 
Unfortunately,  free  standing  polymer  electrolytes  have 
demonstrated  poor  cycling  characteristics  and  lack  of  me¬ 
chanical  stability  [12],  This  problem  has  been  addressed  by 
the  use  of  semi-permeable  microporous  membranes,  simi¬ 
lar  to  the  membranes  used  in  organic  solvent  based  Li 
batteries  [13].  In  the  case  of  a  thin-film  solid  state  battery, 
the  membranes  are  impregnated  with  a  polymer  elec¬ 
trolyte.  This  has  been  shown  to  greatly  improved  the 
mechanical  and  electrical  stability  of  these  batteries. 

The  batteries  developed  in  this  study  were  designed  for 
integration  in  to  a  programmable  multi-chip  module 
(MCM).  These  devices  currently  serve  a  wide  variety  of 
roles  an  typical  micro-  and  nano-satellites  [14],  The  electri¬ 
cal  components  used  in  these  modules  are  continually 
improving  and  their  current  and  voltage  requirements  are 
steadily  decreasing.  This  improvement  has  made  it  feasible 
to  power  these  modules  with  integrated  Li  batteries  [15].  A 
typical  96  pin  Kovar  (ASTM  FI 5)  package  can  accommo¬ 
date  a  30  X  30  mm  programmable  substrate.  The  batteries 
that  are  to  be  integrated  into  a  device  of  this  type  must 
have  a  slightly  smaller  area  than  the  programmable  sub¬ 
strate  and  have  an  overall  thickness  of  less  than  2  mm,  due 
to  the  package  size  constraints.  The  batteries  must  be  able 
to  deliver  at  least  50  [aA  of  current  for  1.0  h  or  1.0  p.A  for 
60  s  while  maintaining  a  voltage  of  at  least  2.0  V,  to  be 
viable  for  the  intended  micro-  and  nano-satellite  applica¬ 
tions.  A  satellite  travelling  in  a  low-earth  orbit  will  make 
around  5700  orbits  in  a  year.  Therefore,  batteries  devel¬ 
oped  for  this  application  should  also  be  rechargeable,  with 
a  lifetime  of  approximately  11,000  cycles  for  a  2-year 
space  mission. 

As  in  the  case  of  most  batteries,  the  size  will  determine 
the  ultimate  capacity  of  the  device.  However,  there  is  no 
fundamental  limit  on  the  dimensions,  and  the  techniques 
used  in  the  development  of  this  battery  are  easily  scalable, 
either  larger  or  smaller.  Also,  the  fact  that  it  consists  of 
thin  films  allows  for  the  stacking  of  multiple  cells  in 
series,  parallel,  or  combinations  thereof  to  increase  volt¬ 
age,  capacity,  or  voltage  and  capacity. 


2.  Experimental  procedure 

Two  Sheets  of  Kapton™  were  coated  with  approxi¬ 
mately  1.0  [Am  of  molybdenum  using  an  e-beam  evapora¬ 
tor.  The  battery  cathode  was  based  on  the  work  of  D. 
Passerini,  S.  Loutzky,  and  B.  Scrosati  [8],  and  consisted  of 
(0.75  g)  silver  tungstate  (Ag2W04),  (0.05  g)  carbon  black, 
and  (0.20  g)  polyvinylchloride  (PVC),  and  10  ml  of  tetra- 


Fig.  1.  (a)  A  photograph  of  the  assembled  battery;  (b)  a  schematic  of  the 
individual  battery  components. 


hydrofuran  (THF).  The  cathode  solution  is  stirred  for  1  h 
and  then  ultrasonicated  for  1  h.  The  thin  film  cathodes 
were  deposited  by  spin  coating  at  4000  rpm  onto  the  Mo 
coated  Kapton™.  The  electrolyte/ separator  was  prepared 
by  soaking  micropore  nylon  filters  (0.45  [Am  pore  size)  in 
a  solution  of  (6.52  g)  ethylene  carbonate  (EC),  (1.38  ml) 
propylene  carbonate  (PC),  (0.089  g)  polyethylene  oxide 
(PEO),  (1.22  g)  LiPF6,  (10  ml)  THF.  The  filter  was  soaked 
for  5  min  in  the  solution,  removed  and  allowed  to  dry  for 
20  min.  The  anode  was  prepared  from  lithium  foil  that  was 
rolled  to  a  nominal  thickness  of  0.3  mm.  Electrical  contact 
was  made  to  the  anode  and  cathode  by  attaching  copper 
foil  to  the  Mo  coated  Kapton.  The  edges  of  the  battery 
were  hermetically  sealed  using  a  thin  bead  of  epoxy  (see 
Fig.  1).  Battery  assembly  was  performed  in  argon-filled 
dry  boxes.  Series  and  parallel  stacks  of  the  cells  were  also 
fabricated  using  the  double-sided  Mo  on  Kapton  films. 

3.  Results  and  discussion 

The  spin-on  cathode  material  was  examined  by  scan¬ 
ning  electron  microscopy.  An  image  of  the  as-deposited 
film  is  shown  in  Fig.  2.  Energy  dispersive  spectroscopy 
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Fig.  2.  SEM  micrograph  of  the  as-deposited  PVC/Ag2W04 /carbon 
cathode  film. 


Time(s) 


Fig.  4.  Battery  voltage  vs.  elapsed  time  at  discharge  rates  of  5.0,  1.0,  0.5, 
0.1,  and  0.05  mA/cm2. 


confirmed  that  the  white  crystallites  in  the  image  corre¬ 
spond  to  Ag2W04  crystallites  and  the  dark  areas  corre¬ 
spond  to  the  carbon  doped  poly(vinlychloride)  binder. 

The  assembled  battery  had  a  total  thickness  of  0.6  mm, 
an  area  of  4.0  cm2,  and  weighed  0.4  g.  The  batteries 
exhibited  an  open-circuit  voltage  of  approximately  3.5  V  at 
room  temperature,  which  is  related  to  the  discharge  pro¬ 
cess  (see  Eq.  (1)). 

2Li  +  Ag  2W04  ->  Li  2W04  +  2  Ag  ( 1 ) 

Monolithic  stacks  of  two  and  three  cells  series  combina¬ 
tions  were  also  fabricated  yielding  voltages  of  7.0  and  10.5 
V,  respectively.  The  heat  generated  by  a  single  battery 
during  a  dead-short  was  monitored  using  a  k-type  thermo¬ 
couple,  however  no  measurable  increase  in  temperature 
occurred.  A  typical  charging/discharging  cycle  of  a  bat¬ 
tery  between  3.5  and  2.0  V  is  shown  in  Fig.  3.  The  battery 
was  charged  and  discharged  at  a  constant  current  density 
of  0.05  mA/cm2. 

Fig.  4  shows  the  discharge  behavior  for  several  dis¬ 
charge  rates  (i.e.,  5.0,  1.0,  0.5,  0.1,  0.05  mA/cm2).  The 
curves  have  a  characteristic  shape  that  is  independent  of 
the  discharge  current  density.  There  exist  plateaus  that 


occur  near  3.0  and  2.0  V.  These  plateaus  are  attributed  to 
the  replacement  reactions  of  Li  for  Ag  in  the  Ag2W04. 

The  battery  capacity  was  examined  as  function  of  tem¬ 
perature.  The  battery  capacity,  measured  with  a  discharge 
rate  of  0.1  mA/cm2,  decreased  from  approximately  8.0  to 
2.0  [lAh  under  a  temperature  reduction  from  room  tem¬ 
perature  to  —  15°C.  An  order  of  magnitude  decrease  from 
the  original  capacity  was  measured  when  the  temperature 
was  reduced  from  room  temperature  to  —  20°C.  However, 
the  capacity  was  restored  when  the  battery  was  allowed  to 
return  to  room  temperature. 

A  battery  was  cycled  using  a  discharge  rate  of  0.1 
mA/cm2  and  a  charge  rate  of  0.05  mA/cm2.  The  capacity 
slowly  decreased  over  a  range  of  2000  cycles  (see  Fig.  5). 
The  overall  capacity  decreased  by  about  a  factor  of  2  over 
this  range.  The  battery  capacity  continued  to  decrease  with 
additional  cycling  to  around  1  /3  of  the  initial  capacity 
after  6000  cycles,  and  1/4  of  initial  capacity  after  12,000 
cycles.  A  battery  was  also  cycled  using  a  discharge  rate  of 
0.5  mA/cm2  and  charge  rate  of  0.25  mA/cm2.  These 
conditions  resulted  in  a  decrease  by  a  factor  of  2  of  the 
battery’s  capacity  after  200  cycles. 


Fig.  3.  Battery  charging/discharging  behavior  at  a  constant  current 
density  of  0.05  mA/cm2. 


Fig.  5.  Battery  capacity  vs.  charging /discharging  cycle  between  3.5  and 
2.0  V.  Battery  charging  was  done  at  0.05  mA/cm2  and  discharging  at  0.1 
mA/cm2. 
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4.  Conclusions 

We  have  produced  robust  thin-film  solid  state  batteries 
that,  while  extremely  small,  are  capable  of  delivering 
sufficient  power  for  MCM  designed  for  space  applications. 
This  battery  has  the  ability  to  be  discharged  and  recharged 
over  thousands  of  cycles.  It  can  also  be  cycled  when 
charging  and  discharging  at  fairly  rapid  rates  and  at  tem¬ 
perature  as  low  as  -  20°C.  The  performance  of  this  battery 
coupled  with  its  simple  and  reliable  manufacture  method 
should  provide  suitable  energy  storage  for  a  wide  variety 
of  electronic  and  power  delivery  systems. 
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